For short flashes of light and small areas of illumination the product of intensity (I) and exposure time (t) is constant for threshold excitation of the human eye (Bloch, 1885; Pi&on, 1920; Braunstein, 1923). This relationship does not hold for exposure times beyond ca 0.05 second, and for a greater range of exposure times a more complicated expression is required. Blonde1 and Rey (1911) state that the equation It = a + bt (where a and b are constants) gives a good description of the intensitytime effect over a range extending from 0.001 to 3.0 seconds. In examining the discharge of impulses in a single fiber of the optic nerve of Limulus, Hartline (1934) determined that below a certain critical duration, the energy (I X t) necessary to produce a constant frequency of impulses is constant (C). Above this critical duration intensity alone seems to be effective and I = Constant. The presence of the critical duration had been demonstrated earlier in experiments by the same author (Hartline, 1928) on the grasshopper eye and by Adrian and Matthews (1927) on the eel eye.
For short flashes of light and small areas of illumination the product of intensity (I) and exposure time (t) is constant for threshold excitation of the human eye (Bloch, 1885; Pi&on, 1920; Braunstein, 1923) . This relationship does not hold for exposure times beyond ca 0.05 second, and for a greater range of exposure times a more complicated expression is required. Blonde1 and Rey (1911) state that the equation It = a + bt (where a and b are constants) gives a good description of the intensitytime effect over a range extending from 0.001 to 3.0 seconds. In examining the discharge of impulses in a single fiber of the optic nerve of Limulus, Hartline (1934) determined that below a certain critical duration, the energy (I X t) necessary to produce a constant frequency of impulses is constant (C). Above this critical duration intensity alone seems to be effective and I = Constant. The presence of the critical duration had been demonstrated earlier in experiments by the same author (Hartline, 1928) on the grasshopper eye and by Adrian and Matthews (1927) on the eel eye.
In the experiments on Limulus the transition, at the critical duration, from the relation It = C to I = Const is fairly abrupt. On the other hand the data for the human eye show a continuous increase in threshold energy, so that the condition It = C for short durations goes over gradually into I = Const for long durations. It is significant that the experiments on Limulus dealt with a single sense cell with no central connections, while in the human eye we are of course dealing with effects due to the activity of a large population of sense cells. It is reasonable to expect that any sudden change in slope of the intensity-time relation which might be apparent for a single sense cell will be lost in the statistically determined effect from a great number of sense cells. For in the first place there is a distribution of properties among the individual sense cells (Hecht, 1927~28) , and in the second place there exists a considerable degree of interaction among the nervous effects of sense cell activity (Adrian and Matthews, 1928; Granit and Harper, 1930; Beitel, 1934) . Such processes as spatial and temporal summation which build up the total excitation to tlhreshold must be considered.
These considerations led us to test the effect which a number of sense cells might have upon the form of the intensity-durat*ion relation for threshold excitation of the human eye and to see whether by decreasing t,he area of the retinal image, with a consequent lessening of both statistical and interaction effects (Creed and Ruth, 1932) , we might not approximate more closely to the type of relation found with single visual sense cells.
APPARATUS
AND METHOD.
In one wall of the dark room provided for the subject was set an opal glass stimulus disk illuminated by an external source (concentrated tungsten filament). The intensity of illumination upon the stimulus disk was varied by means of Wratten Neutral Tint filters in conjunction with a Wratten Neutral Tint wedge (range 1 to 13) with balancing wedge.
Constancy of the source was assured by reading the deflection of a galvanometer attached to a Weston "Photronic" cell which could be placed in the light beam, and adjusting the filament current accordingly.
Short flashes of light of known duration were obtained by means of the motor driven rotating disk shutter used by Hartline (1934) in his study of Limulus, and described by him. In this shutter, duration of flash is determined by speed of rotation of a "high speed" disk and angular aperture of the sector cut in it. Interchangeable disks provide a choice of sector apertures, and the speed of rotation can be controlled to within 3 per cent by a stroboscopic attachment.
A low speed disk, in combination with a cam operated photographic shutter which opens before one flash begins and closes before the next one, enables the operator to obtain a single flash at any desired time. Since the light was brought to a small focus at the shutter before diverging to the stimulus disk, the full intensity of the flash is attained nearly instantaneously for most of the shutter settings; the exact time relations are given by Hartline.
The area of the stimulus disk was varied by means of circular diaphragms whose areas were 6.6, 0.86, 0.056, and 0.0012 sq. cm. Viewed through an opening in a large screen at a distance of 58 cm. these illuminated areas subtended visual angles of approximately 3", I", 16' and 2' respectively.
Fixation lights in the form of 1" red crosses (Tscherning no. 1 filters; brightness ca 0.3 millilambert) were placed on either side of the stimulus disk at a visual angle of 15" from its center.
The stimulus patch was regarded monocularly; when the right eye was used the right fixation cross was illuminated; with the left eye , the left cross w .as lighted.
Before each series of determinations the subi ect was allowed to become dark adapted for 40 minutes.
At a signal the subject regarded the fixa- AREA   AND  INTENSITY-TIME  RELATIONSHIP  IN RETINA   301 tion cross in fovea1 vision and was instructed to say whether or not he saw a flash of light when the shutter was opened. Thresholds were determined by the method of limits. Ordinarily, though not always, observations were made alternately with the left eye and right eye. Approximately 40 seconds were allowed to elapse between exposures of the same eye. After any one threshold was determined the subject was allowed to rest in the dark for three or four minutes while the necessary adjust- figure 1 we have plotted these results, giving as ordinates the logarithms of the energy, I-t, necessary for threshold excitation, and as abscissae the logarithms of the duration, t, of the flashes. The It is seen in all the curves that for short durations the energy of flash I-t is constant; even in the lower curves the data approach a horizontal line (I4 = C) as an asymptote.
With long durations, however, the data for all the areas agree in showing an increased energy necessary for threshold, approaching asymptotically an inclined line of unit slope, which in this method of plotting represents the relation I = Const. We have drawn in these asymptotes (dashed lines) for the four curves of figure 1. The inclined line of unit slope is drawn to fit the data of the upper curve; for the other curves it is so drawn as to intersect the horizontal asymptote at the same duration as in the upper curve. 
Intensity-time-area
curves for the three largest areas. Explanation
The effect of area of retinal image upon the shape of the intensity-duration curve is quite striking. With the largest area there is a very gradual increase in threshold energy with duration of flash, the data being fitted by a gently rounded curve between the two asymptotes. As area is decreased, it is seen that this curve becomes more angular, and that the energy necessary to excite at the shortest duration is still sufficient at higher and higher durations. With the smallest area the threshold energy is constant over a considerable range of durations, and the upward bend is quite sharp, so that the relation I = Const holds for shorter durations than with the larger areas.
It is to be noted that the absolute value of the threshold energy per unit area (I-t) is greater the smaller the area of the retinal image. This is another example of the familiar reciprocity influence of area and intensity.
In figure 2 we have plotted three of the curves in terms of total energy (I. t-a, where a is the area of the stimulus disk). It is seen that for the two smallest areas, 1" and 16', the curves agree quite closely at short durations, so that we may say that for small areas and short durations of flash the energy, I. to a, necessary for threshold excitation, must be constant. (IYloreover, G's values for the smallest area, Z', agree quite satisfactorily with his values for 16' and lo.) With the largest area, however, definitely more total energy is required at all durations to produce threshold excitation.
DISCUSSION.
The validity of the reciprocity relationship between intensity and duration for threshold stimulation of the human eye is shown by our results for flashes of short duration. This is in complete agreement with the findings of previous workers, as is also our observation that with longer durations more energy is required, and that eventually the threshold depends only upon intensity.
Our principal finding is the observation that area of retinal image markedly affects the shape of the curve relating threshold energy to duration of flash, and that with sufficiently small areas the transition from the relation 1-t = C to I = Const is much more abrupt than with large areas. Our results for the human eye thus come directly into line with those of Hartline for the single sense cell of the Limulus eye, where the transition is quite abrupt, and is characterized by a clearly marked critical duration closely akin to McDougall's (1904-5) "action time."
Although there will remain a statistical element in the determination of threshold even with the smallest areas, due to eye movements, etc., it is significant that when this element, together with interaction effects in the nervous layer of the retina, is minimized by reducing the number of end organs illuminated, the intensity-time relation approximates more and more closely to that found for the single sense cell.
The confirmation which our results provide of the familiar reciprocal relation between area and intensity is in harmony with other observations (Adrian and Matthews, 1927, 1928; Granit and Harper, 1930; Beitel, 1934) . We may interpret it as due to the summation of excitatory processes in the synaptic layers of the retina, inferring that the threshold effect must take place in the nervous paths beyond the layer of rods and cones.
While it is not understood why this summation should result in a close reciprocal relation between intensity and area, we may accept it as experimental fact, and interpret the failure of this relation with large areas as due to incomplete spatial summation. Thus when a great number of central nervous neurones is excited the greatest degree of excitation will be in the neurones in the center of the group, since these neurones receive the greatest benefit from the excitation over the interconnecting pathways. The threshold level of excitation will consequently be determined by the activity of this group. With large areas more fibers are brought in which have few convergence points in common with the central group and these peripheral fibers contribute little to the summed central excitation; hence a disproportionate amount of energy will be required for the threshold effect. 
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The question as to why there is an increase in the relative energy requirement at shorter and shortler exposure times as area increases is an important one, but one which if treated would necessarily have to be discussed on a highly speculative level. In addition to considering the possibility of a distribution of critical durations in the separate fibers, we should probably have to consider the increased temporal dispersion of excitation which occurs with an increase in area.
SUMMARY
Intensity-time curves have been obtained for four different circular areas (diameters 3", I", 16', and 2') of retinal image in the periphery of the human eye. The range of durations extends from 0.00031 to 0.64 second.
For short durations, the energy per unit area (I X t) must be constant to produce threshold excitation.
For longer durations, more energy is required, and the condition for threshold excitation finally becomes I = Co&.
The absolute intensity threshold for any duration increases as area decreases.
These findings confirm the results of previous workers. A decrease in the area of retinal image results in a more abrupt transition from the condition I X t = C to I = Con&, and with the smallest area the data approach the form which has been described for the activitjy of the single visual sense cell from the eye of Limulus.
These findings are interpretred as indicating that the excitation of the photoreceptor of the human eye is characterized by a critical durat,ion similar to that found in the Limulus sense cell. The effect of area in masking this critical duration is interpreted as due to statistical distribution of properties among a large number of sense cells, and to the increased interaction effects associated with large areas. There is a discussion of certain aspects of these interaction effects.
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